The maintenance of a plasmid in the absence of selection for plasmid-borne genes is not guaranteed. However, plasmid persistence can evolve under selective conditions. Studying the molecular mechanisms behind the evolution of plasmid persistence is key to understanding how plasmids are maintained under nonselective conditions. Given the current crisis of rapid antibiotic resistance spread by multidrug resistance plasmids, this insight is of high medical relevance. The conventional method for monitoring plasmid persistence (i.e., the fraction of plasmid-containing cells in a population over time) is based on cultivation and involves differentiating colonies of plasmid-containing and plasmid-free cells on agar plates. However, this technique is timeconsuming and does not easily lend itself to high-throughput applications. Here, we present flow cytometry (FCM) and real-time quantitative PCR (qPCR) as alternative tools for monitoring plasmid persistence. For this, we measured the persistence of a model plasmid, pB10::gfp, in three Pseudomonas hosts and in known mixtures of plasmid-containing and -free cells. We also compared three performance criteria: dynamic range, resolution, and variance. Although not without exceptions, both techniques generated estimates of overall plasmid loss rates that were rather similar to those generated by the conventional plate count (PC) method. They also were able to resolve differences in loss rates between artificial plasmid persistence assays. Finally, we briefly discuss the advantages and disadvantages for each technique and conclude that, overall, both FCM and real-time qPCR are suitable alternatives to cultivation-based methods for routine measurement of plasmid persistence, thereby opening avenues for high-throughput analyses.
M
any bacterial plasmids carry genetic information required for maintaining themselves in their prokaryotic host populations (1) . The ability of a plasmid to persist in a growing bacterial population in the absence of selection typically is referred to as high plasmid stability; here, it is referred to as plasmid persistence. In addition to the replication initiator and one or more origins of replication, functions to ensure plasmid persistence can include multimer resolution, partitioning, postsegregational killing (toxin-antitoxin), and horizontal transfer systems (1, 2) . In the absence of selection for the plasmid, plasmid persistence also is negatively affected by its cost to host fitness. Thus, plasmid persistence is a first indicator of how well a plasmid is adapted to that host. This can be useful to understand the natural long-term host range of a plasmid, determine its adaptation to novel hosts following experimental evolution in the laboratory, or identify useful plasmid vectors for biotechnological processes (3) (4) (5) (6) (7) . From a human health perspective, understanding the evolution of plasmid persistence is critical if we are to manage the current crisis of rapid plasmid-mediated spread of antibiotic resistance (8, 9) . Such studies are becoming increasingly demanding as we address more complex plasmid persistence questions involving multiple plasmids (10) , hosts (4) , and whole microbial communities (11) . Therefore, efficient techniques for routine monitoring and quantification of plasmid persistence are much needed to facilitate progress in this field.
The ability of a plasmid to persist in a host typically is monitored (under laboratory conditions) by measuring the fraction of plasmid-containing cells within a bacterial population over time in serial batch cultures in the absence of positive selection for the plasmid. Conventionally this is achieved through cultivationbased methods in which diluted bacterial suspensions are spread on media with and without selection for plasmid-bearing cells or by replicating bacterial colonies (e.g., 50 or 100) from nonselective plates onto plasmid-selective and nonselective agar plates (4, 5, (12) (13) (14) (15) (16) (17) . However, this is labor-intensive, requires colony growth on agar, and has a built-in lag period of one or more days prior to knowing the results.
In recent years, researchers have successfully used alternative technologies, such as microscopy (cultivation dependent), FCM (flow cytometry), and real-time quantitative PCR (qPCR; both cultivation independent) to directly measure plasmid loss or to monitor the persistence of a plasmid in a bacterial population (11, (18) (19) (20) (21) (22) (23) . The microscopy-based techniques rely on monitoring the growth of single cells into microcolonies while directly observing the frequency with which plasmid-free cells are generated (18, 19) . Although very advantageous for accurately measuring plasmid loss rates without the confounding effects of cost, this approach as currently described is not easily adapted to measuring the persistence of one or more plasmids in multiple hosts or in complex microbial communities. In contrast, Bahl et al. (20, 21) and Bonot and Merlin (11) demonstrated the versatility of FCM and realtime qPCR for this purpose by using these technologies to monitor plasmid persistence in bacteria within the gastrointestinal tract of rats and in sediment microcosms, respectively. They used the presence/absence of green fluorescence encoded by the gfp gene to distinguish plasmid-containing from plasmid-free cells by FCM or plasmid-and chromosome-specific real-time qPCR primers and probes to monitor the plasmid/chromosomal DNA ratio in microbial communities as a proxy for plasmid persistence and spread. However, specific development and demonstration of FCM and real-time qPCR for the purposes of routine quantification of plasmid persistence still is lacking.
Here, we rigorously compare and contrast the use of FCM and real-time qPCR as alternatives to conventional plating methods for routine measurement of plasmid persistence. We demonstrate the strengths and limitations of the methods by statistically comparing performance criteria, such as resolution, variance, and dynamic range, in plasmid persistence assays. This was done using a gfp-marked variant of the natural multidrug resistance plasmid pB10 and three different hosts wherein the wild-type plasmid previously has been shown to be stable, moderately unstable, and highly unstable (4).
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Plasmid pB10 was previously tagged with mini-Tn5-P A1-04/03 ::gfp, a Tn5 derivative transposon encoding green fluorescent protein (GFP) to produce pB10::gfp (24) . The persistence of pB10::gfp was determined in Pseudomonas putida H2 (15) , P. putida UWC-1 (25) , and P. veronii S34 (26) . To monitor plasmid persistence in so-called plasmid stability assays, here named plasmid persistence assays, all strains were cultured in Luria-Bertani (LB) broth at 30°C with shaking. Each day for the duration of the assays, 4.9 l of culture was transferred into 5 ml of fresh media and incubated for 24 h, yielding ϳ10 generations per day. Kanamycin (50 g/ml) and tetracycline (10 g/ml) were added only to the precultures to try to ensure 100% plasmid retention at the start of the persistence assays (T 0 ). The cells harvested after each 24-h growth period were examined by the three methods. To set up mixed cultures with known ratios of plasmid-containing and plasmid-free P. putida UWC-1 cells, the optical density at 600 nm (OD 600 ) of each culture was standardized to 2.4, and the plasmid-containing cultures were diluted into the plasmid-free cultures following a 1:2, 1:3, or 1:10 dilution series, each spanning 6 dilution intervals.
General DNA techniques. Plasmid preparation, restriction endonuclease digestion, gel electrophoresis, and cloning were carried out using standard techniques (27, 28) . DNA regions for cloning were amplified by PCR using 2ϫ PCR master mix (Thermo Scientific) per the manufacturer's instructions. The reaction parameters included an initial denaturation step of 10 min at 94°C, 30 cycles of denaturation (30 s at 94°C), a variable annealing step dependent upon the average primer annealing temperature, and an elongation step at 72°C with the extension time dependent on the amplicon size.
Plate count assays. Each day for the duration of the persistence assays, dilutions of each culture were spread onto nonselective LB agar such that approximately 100 to 300 individual colonies were obtained per sample. The fraction of plasmid-containing colonies within each sampled population was determined by counting the fluorescent and nonfluorescent colonies during exposure to a 488-nm light source. To avoid the bias that would have been introduced due to the visible presence of GFP in plasmid-containing cells, the presence/absence of fluorescence was used as an indicator of plasmid presence/absence rather than antibiotic resistance, as is more commonly done (4, 5, (13) (14) (15) (16) .
Flow cytometry. In preparation for FCM analysis, 1 ml of each culture was centrifuged (8,000 rpm; 2 min), the supernatant discarded, and the cells resuspended in 1 ml phosphate-buffered saline (PBS; pH 7.4). The washed cells were diluted 10-fold in PBS, and 10 5 events (i.e., cells) were interrogated following exposure to a 488-nm light source using a BD FACSAria flow cytometer. The forward (FSC) and side scatter (SSC) photomultiplier voltages were set each day using a positive (plasmidcontaining) and negative (plasmid-free) control for each strain such that both populations were optimally counted at a flow rate of 1,000 to 2,000 events per second. The SSC, FSC, and fluorescein isothiocyanate (FITC) photomultiplier voltages used for P. putida H2, P. putida UWC-1, and P. veronii S34 were 475 nV (SSC and FSC) and 675 nV (FITC); varying over time (days) between 350 to 500 nV (SSC and FSC) and 575 to 650 nV (FITC); and 450 nV (SSC), 425 nV (FSC), and 600 nV (FITC). The bacterial populations first were gated based on their SSC and FSC profiles to eliminate background events, which were recognized by sampling a blank PBS solution in parallel. Fluorescent and nonfluorescent cells within the gated population were discriminated based on fluorescent intensity (FITC-A). The FITC-A gate was set each day such that 99.5% of the positive-control population for each strain was counted as FITC-A positive (fluorescent). The BD FACSAria software (BD FACSDiva, firmware version 1.9) was used for data acquisition, and FlowJo v10 software was used for subsequent analysis.
Real-time qPCR. In the preparation of real-time qPCR, cell pellets collected after centrifugation (8,000 rpm for 2 min) of 0.5 ml per culture at each time point were stored at Ϫ20°C until total genomic DNA (gDNA) of all samples was extracted in a randomized order at the end of the 10-day assay using a Genelute bacterial gDNA kit (Sigma-Aldrich). The purified gDNA was quantified using a NanoDrop spectrophotometer. All realtime qPCRs were performed using a StepOnePlus real-time PCR system together with a Power SYBR green PCR master mix kit (Applied Biosystems) per the manufacturer's instructions. The amplification parameters for all real-time qPCRs were 94°C for 10 min, 40 cycles of 94°C for 15 s, and 60°C for 60 s. The melting curve parameters were 94°C for 15 s and 60°C for 30 s, followed by a temperature increase to 94°C with a ramp rate of 0.1%. The fluorescent signal was acquired after each 60°C amplification step and continuously during the melting curve analysis. Unless otherwise stated, 2 ng of template DNA was used per reaction.
For all three bacterial strains, the chromosomal DNA was quantified using the gammaproteobacterium-specific qPCR primers 1080␥F (5=-TC GTCAGCTCGTGTYGTGA-3=) and ␥1202R (5=-CGTAAGGGCCATGA TG-3=), designed and validated for real-time qPCR by Bacchetti et al. (29) . Plasmid pB10::gfp was quantified using primers GFP-Fwd (5=-GCCAAC ACTTGTCACTACTTTC-3=) and GFP-Rev (5=-TGTCTTGTAGTTCCC GTCATC-3=). For each primer pair, the optimal primer concentrations were determined using a 3-by-3 factorial design in which individual primer concentrations were 250, 500, or 750 nM. Except for ␥1202R, which had an optimal concentration of 750 nM, all other primers functioned optimally at 250 nM.
For relative quantification of plasmid abundance, the amplification efficiency (E) for both the plasmid-and 16S rRNA gene-specific primer pairs was greater than 1.91, using the slope (m) of a standard curve (R 2 Ͼ 0.99) constructed from a 10-fold serial dilution of gDNA for each of the three strains (equation 1). The gDNA concentrations in the standard curves ranged from 2 ϫ 10 1 to 2 ϫ 10 Ϫ4 ng gDNA per reaction. The abundance (RA) of pB10::gfp (P) at a given time point (T n ) relative to T 0 and normalized to the abundance of 16S rRNA genes (16S) at T n and T 0 was calculated as shown in equations 2 and 3, where Cp is the threshold crossing point and S is the amplicon size. The plasmid/chromosome ratio (P:16S) was calculated by multiplying the output from equation 2 by the number of 16S rRNA gene copies per chromosome. P. putida has seven (30) and P. veronii three (31) 16S rRNA gene copies per chromosome.
For absolute quantification of the number of chromosomes per reaction, standard curves were constructed using known quantities of pWLE005 (3,302 bp) , ranging between ϳ10 9 and 10 5 molecules per reaction. This vector was constructed by cloning the 16S rRNA gene from P. putida UWC-1, using the universal primers 27f (5=-AGAGTTTGATCMTGGCT CAG-3=) and 1492r (5=-TACGGYTACCTTGTTACGACTT-3=), into pJET1.2 using a CloneJET PCR cloning kit (Thermo Scientific) per the manufacturer's instructions. The number of chromosomes in each realtime qPCR was extrapolated from the standard curves using equation 4, where Cp is the threshold crossing point, y and m are the intercept and slope of the linear regression, respectively, and N 16S is the number of 16S rRNA gene copies per chromosome.
Number of chromosomes ϭ 10
Statistical analysis. A logistic regression model (32) was used to estimate the rate of decline of plasmid-bearing cells in the population, in part as previously described (33) . The model estimates the rate of decrease of the plasmid-bearing fraction in a population over time but does not distinguish between the effects of segregational plasmid loss at cell division, plasmid cost, or horizontal plasmid transfer. Due to the nonlinear nature of this rate, the maximum rate of decline of the plasmid-bearing fraction was used to compare the ability of the different techniques to quantitatively measure differences in plasmid persistence. This maximum rate occurs at the time where the plasmid-bearing fraction of the population is 50% and is loosely defined as the (plasmid) loss rate throughout this study. Markov chain Monte Carlo (MCMC) was used to implement the model, specifically using a Gibbs sampler (34) as implemented in JAGS (35) , and convergence was assessed using the Gelman-Rubin diagnostic (36) . Computation was done using R, version 2.15.0 (R Development Core Team, 2012; http://www.R-project.org/) utilizing the package rjags (M. Plummer, 2011; http://CRAN.R-project.org/packageϭrjags) for interface with JAGS and CODA (37) for diagnostics. A more detailed description of logistic regression models can be found in the supplemental material. Statistical comparisons were done utilizing the Welch two-sample t test (unpaired), analysis of variance (ANOVA), and variance comparison functions, where appropriate, within the R software package. The stability assay data used in the analysis are included as Data Sets S1 and S2 in the supplemental material.
RESULTS AND DISCUSSION
The natural IncP-1␤ plasmid pB10 previously was shown to be stable, moderately unstable, and highly unstable in P. putida UWC-1, P. veronii S34, and P. putida H2, respectively (4). Using the same three hosts and a GFP-encoding derivative of pB10, pB10::gfp, we set out to determine whether FCM and real-time qPCR can be used as alternative techniques for monitoring plasmid persistence compared to more conventional PC methods. Normally in these conventional assays, the selectable phenotype would be plasmid-encoded antibiotic resistance, and the relative proportions often are determined by replica plating. However, here we used green fluorescence of colonies on nonselective agar plates as an indicator of plasmid presence to avoid the visible bias that otherwise would be introduced in replica plating.
Effect of marker gene insertion in plasmid persistence. To determine possibly confounding effects of plasmid marking on determining plasmid persistence, we compared the persistence of pB10::gfp to that of the wild-type (WT) unmarked plasmid pB10 using the PC method. First, just like pB10, pB10::gfp persisted extremely well in P. putida UWC-1. The difference in plasmids is the insertion of a minitransposon with antibiotic resistance and gfp genes into the kfrB gene, which may be involved in plasmid inheritance (38) . Based on our results, the segregational loss rate of both plasmids must be extremely low in this strain despite the disruption of kfrB. Thanks to this apparent low loss rate, additional costly genes on the plasmid did not have a drastic effect on the overall persistence. Second, in P. veronii S34 the mean loss rate of pB10::gfp was Ϫ9.88 ϫ 10 Ϫ3 per generation compared to only sporadic loss (indistinguishable from 0) of pB10 during the same 10-day period (4) (see Fig. S1 and S2 in the supplemental material) (Welch two-sample t test; t ϭ Ϫ63.6086; df ϭ 29; P Ͻ 0.001; where t is the t statistic, df is the degrees of freedom, and the P value is the probability that the two data sets are different). It should be noted that in a previous study, the pB10-bearing fraction also rapidly decreased after 10 days, indicating an acceleration of loss for the marked plasmid (4). Lastly, in P. putida H2, the mean loss rate for pB10::gfp was lower than that for pB10 (Ϫ3.11 ϫ 10 Ϫ2 and 9.85 ϫ 10 Ϫ2 per generation, respectively; Welch two-sample t test; t ϭ 79.3615; df ϭ 35.445; P Ͻ 0.001). However, Fig. S1 in the supplemental material clearly shows that the initial fraction of pB10::gfp-containing cells was lower, and that of plasmid-containing cells decreased below detectable levels sooner. Thus, in P. veronii S34 and P. putida H2, insertion of the GFP-encoding transposon into pB10 seemed to adversely affect plasmid stability. This likely is due to an increase in the plasmid cost through the addition of expressed genes, even though a negative effect of kfrB inactivation on plasmid inheritance in these strains, in contrast to UWC-1, cannot be excluded. Insertion of any marker gene that is expressed throughout the assay likely will increase the plasmid's fitness cost, but its effect on segregational loss can be minimized by carefully choosing a suitable locus for insertion.
Plasmid persistence by flow cytometry. We compared the results of plasmid persistence assays as measured by FCM and PC. To monitor the fraction of plasmid-containing cells in each of the three strains by FCM, samples of triplicate populations were interrogated daily for the presence or absence of a GFP phenotype in individual cells. The discriminatory gates were set based on the SSC, FSC, and FITC-A measurements of positive (plasmid-containing) and negative (plasmid-free and blank) control populations (Fig. 1) . The absence of a fluorescent phenotype following plasmid loss allowed easy differentiation between plasmid-free (FITC-A Ϫ ) and plasmid-containing (FITC-A ϩ ) cells (Fig. 1D to  F) . The loss of the fluorescent signal after plasmid loss is due to GFP degradation and dilution upon cell division; this may cause a delay between the actual plasmid loss event and complete signal extinction, possibly causing a slight overestimation of the plasmid-containing fraction. Since the plasmid-free and plasmidbearing cells did not differ much in the SSC and FSC scatter profiles (Fig. 1A to C) , these measures were used only to distinguish bacterial cells from the background.
For P. putida UWC-1, the persistence profiles (Fig. 2) generated by PC and FCM were very similar, as expected due to the persistent nature of pB10::gfp in this strain. As there was no net change in the fraction of plasmid-bearing cells over time when measured using either PC or FCM, the logistic regression model could not be used and the plasmid loss rates were reported as zero (Fig. 3) .
In P. veronii S34, FCM estimated a slightly lower plasmid loss rate than the moderately low plasmid loss rate observed by PC (Ϫ4.01 ϫ 10 Ϫ3 and Ϫ9.75 ϫ 10 Ϫ3 per generation, respectively; Welch two sample t test; t ϭ Ϫ20.2862; df ϭ 48.466; P Ͻ 0.001) ( Fig. 2 and 3) . At the same photomultiplier voltages, the scatter profile of plasmid-containing P. veronii S34 cells had a broader distribution across both SSC and FSC, while plasmid-free cells were distributed more broadly across SSC than FSC (Fig. 1) . There was also a noticeable bias toward GFP-positive cells during counting; more plasmid-containing cells were counted than plasmidfree cells in a culture with similar densities of the two respective populations. These factors, combined with the possible delay in loss of fluorescence signal, likely resulted in underestimation of the maximum plasmid loss rate in P. veronii S34. Therefore, the ability to accurately measure the frequency of plasmid-containing and -free cells within a population of cells using FCM is contingent upon the ability to discriminate between the two subpopulations without introducing a bias.
The mean rate of plasmid loss in P. putida H2, which poorly maintained pB10::gfp (Fig. 2) , estimated by FCM was only slightly higher than that inferred by PC (3.91 ϫ 10 Ϫ2 and 3.10 ϫ 10 Ϫ2 per generation, respectively; Welch two sample t test; t ϭ 17.0344; df ϭ 56.257; P Ͻ 0.001) (Fig. 3) . In contrast, a larger initial fraction of plasmid-containing cells was recorded by FCM than by PC (Fig. 2 ). Therefore, we tested the possibility that PC underestimated plasmid presence due to plasmid loss occurring within colonies during growth on the nonselective agar plate. If plasmid loss occurred early during colony growth, fluorescence might not be visible to the naked eye, and such colonies would be mistakenly recorded as plasmid free even though a small fraction still retained the plasmid. To test this, 52 nonfluorescent colonies from each of the 3 replicate P. putida H2 (pB10::gfp) populations at T 0 were replicated onto plasmid-selective and nonselective media. Of these, 10% Ϯ 2% grew on plates with plasmid-selective antibiotics and displayed the GFP phenotype. Thus, plasmid loss also occurred during colony growth on the nonselective media, resulting in nonfluorescent colonies that were founded by fluorescent plasmid-bearing cells, thereby underestimating their proportion. In conclusion, while the plasmid persistence curves obtained with the two methods did not coincide for two of the strains, they follow the same trend and confirm previous findings that plasmid pB10 can be very stable, moderately unstable, and highly unstable depending on the host (Fig. 2) .
Plasmid persistence by real-time qPCR. Real-time qPCR was used to assay plasmid persistence by determining the ratio of plasmid DNA molecules to 16S rRNA gene molecules within total DNA extractions from cells harvested over the course of the persistence assays. The normalized data then were used to determine the abundance of plasmid DNA at a given time point relative to , as well as control populations of P. putida UWC-1, P. veronii S34, and P. putida H2. Initial SSC-FSC gates (black lines) were set using plasmid-containing and plasmid-free control populations as well as a blank sample (orange) to exclude background events. The populations then were further gated on FITC-A such that 99.5% of the plasmid-containing population was FITC-A positive (P. putida UWC-1 and P. veronii S34) or to best discriminate between the plasmid-containing and -free populations (P. putida H2). Thus, the SSC-FSC profiles and histograms for each strain are composites representing individual populations of plasmid-containing (red) and plasmid-free cells (blue) as well as a blank sample (orange).
that at the initial time point as a proxy for plasmid persistence. The persistence profiles of pB10::gfp in P. putida UWC-1 and P. veronii S34 obtained by real-time qPCR were more variable than that by PC. This resulted in a mean loss rate in P. putida UWC-1 that was slightly higher (1.163 ϫ 10 Ϫ3 compared to 0 per generation; Welch two-sample t test; t ϭ 20.0979; df ϭ 29; P Ͻ 0.001), while in P. veronii S34 it was significantly lower than the estimates based on PC (2.15 ϫ 10 Ϫ3 and Ϫ9.75 ϫ 10 Ϫ3 per generation, respectively; Welch two-sample t test; t ϭ Ϫ66.8335; df ϭ 52.108; P Ͻ 0.001) (Fig. 2 and 3) . From the PC data it was evident that pB10::gfp-free cells were generated rarely, if ever, during the P. putida UWC-1 persistence assay. Therefore, it was possible to use the real-time qPCR data from this assay to calculate the average number of plasmids per chromosome for each day without plasmid loss being a factor. The ratio of plasmids to chromosome varied between 1.6 and 3.5 over time (Fig. 4) . This was not significantly different from the variation in the plasmid/chromosome ratio within genomic DNA extracted in triplicate from the same frozen P. putida UWC-1(pB10::gfp) population on two different days (pairwise t test; df ϭ 12; F ϭ 1.079; P ϭ 0.416). Thus, the fluctuation in plasmid abundance observed in P. putida UWC-1 and P. veronii S34 was likely the result of experimental error during genomic DNA extraction. Increasing the number of replicates to five per sample at the expense of sampling frequency did not make a meaningful difference (results not shown). However, due to changes in the physiological state of the culture over time, it is also possible that fluctuations in plasmid copy number have a similar effect when using real-time qPCR to measure plasmid persistence. In spite of the variation, when combined with a logistic regression model as done here, it is still possible to infer the overall ability of a plasmid to persist.
In a host such as P. putida H2, where plasmid persistence was poor, there was less fluctuation in the ratio of plasmid to chromosome over time. The result of the real-time qPCR measurements was a curve that indicated rapid plasmid loss (Fig. 2) , and the mean loss rate was only slightly higher than that by PC (5.15 ϫ 10 Ϫ2 and 3.11 ϫ 10 Ϫ2 per generation, respectively; Welch two sample t test; t ϭ 28.0541; df ϭ 43.567; P Ͻ 0.001) (Fig. 3) . A significant advantage of this technique was that pB10::gfp could be detected within the P. putida H2 population for the entire 10-day period. When measured by PC and FCM, the fraction of plasmidcontaining cells decreased below detectable levels within 5 to 6 days, respectively. Each 2-ng P. putida H2 genomic DNA sample contained 4.62 ϫ 10 7 Ϯ 1.54 ϫ 10 7 chromosomes (see Fig. S3 in the supplemental material). Assuming one chromosome per cell, the sample size screened by real-time qPCR was ϳ1.86 ϫ 10 5 -and ϳ8.71 ϫ 10 2 -fold greater than that screened by PC and FCM, respectively; this explains the ability to detect the plasmid even at very low abundances (Fig. 2) . It should be noted, however, that stationary-phase cells often contain more than one chromosome per cell (39) ; thus, the sample size likely is overestimated 2-to 8-fold. Nonetheless, real-time qPCR provides a much larger dynamic range for measuring plasmid persistence than PC and FCM. Although such a high dynamic range is not required to capture plasmid loss rates in most experiments, it allows measuring the persistence of a plasmid even when it occurs in only a small fraction of a bacterial population or community.
Resolution. The ability to resolve small differences in plasmid persistence becomes especially important when investigating the effect of specific genes, mutations, or hosts on the plasmid loss rate. To compare the resolving ability of FCM and real-time qPCR to that of the PC method, we constructed and analyzed three artificial persistence assays using P. putida UWC-1 cells with and without pB10::gfp (Fig. 5) . In these assays, the plasmid-containing bacterial culture was diluted into a plasmid-free culture following either a 1:2, 1:3, or 1:10 dilution series to obtain slopes which, in theory, are equivalent to plasmid loss rates (change in fraction of plasmid-bearing cells per dilution) of Ϫ0.075, Ϫ0.119, and Ϫ0.250, respectively, and representing relative rate differences of 1.59-fold (1:3 versus 1:2), 2.10-fold (1:10 versus 1:3), and 3.32-fold (1:10 versus 1:2). The three techniques yielded mean loss rates that were similar but not identical to each other ( Fig. 6 ; also see Table S1 in the supplemental material), yet they all were able to statistically resolve the relatively small differences in loss rates (see Table S2 ). The variation in the estimated maximum loss rates introduced by each technique generally was similar between the three methods (see Table S3 ). Thus, all three methods were capable of resolving the small differences in these artificial persistence assays.
Conclusions. Both FCM and real-time qPCR were successfully applied to monitor the persistence of pB10::gfp in three different bacterial hosts compared to a more conventional PC assay. Although more sample processing was required (thereby also increasing the cost per sample), real-time qPCR, unlike PC and FCM, does not require any selectable markers to be present on the plasmid and provides the highest dynamic range. Thus, real-time qPCR-based measurement of plasmid persistence would allow monitoring the persistence of resistance as well as so-called cryptic plasmids even at low abundance, as long as partial DNA sequence is available. The caveat to this technique was the fluctuation in the data in cases where there was little to no plasmid loss. Current statistical models for separating the effects of segregational loss, cost, and transfer on plasmid persistence have been developed previously within our group, but currently they rely on measurements of the actual frequencies of plasmid-containing and -free cells within a population (19, 40) . Adaptation of these models to use the relative abundance of plasmid DNA as measured in this study will further increase the usefulness of real-time qPCR for the purposes of quantitatively measuring and defining plasmid persistence.
In contrast to real-time qPCR, FCM interrogates individual cells within a population for the presence or absence of a plasmidencoded phenotype, making the data more suitable for our existing models. However, FCM is not without its caveats. Differences in the SSC and FSC scatter profiles of plasmid-containing and -free cells or differences in fluorescence intensity due to GFP instability or autofluorescence within cells can result in biased counting and, therefore, under-or overestimations of plasmid stability. There is also an unavoidable metabolic cost associated with expression of the heterologous GFP and a potential gene loss or mutations during long-term cultivation. An alternative FCMbased strategy that negates the need for plasmid-encoded markers is the use of fluorescently labeled antibodies to recognize plasmidspecific antigens. This would, however, limit such assays to plasmids that express surface-located proteins and would drastically increase the sample preparation time.
The differences in loss rates measured by FCM and real-time qPCR within plasmid persistence assays with P. veronii S34 and P. putida H2 (Fig. 3) were not observed in the artificial persistence assays (Fig. 6 ). This suggests that these loss rate differences were not related to the methods themselves but rather were due to changes in the bacterial cells over time that affected the FCM and real-time qPCR-based measurements in different ways.
Finally, although FCM appeared to introduce slightly less variance in the estimated maximum loss rates compared to real-time qPCR, both techniques were found to be suitable for resolving small differences in plasmid stability. Thus, given the growing need for high-throughput methods, both FCM and real-time qPCR technologies are candidate methods for the routine measurement of plasmid persistence in high-throughput formats with the additional advantage of high resolution and dynamic range. Given the drawback of inserting a fluorescent marker gene for FCM, we recommend qPCR as the best high-throughput method for monitoring plasmid persistence.
